The irradiation behavior of a NiMoCrFe alloy, of the type currently being considered for use in future molten salt cooled reactors, has been investigated in situ using 1 MeV Kr ions at temperatures of 723 and 973 K. When irradiated to 5 dpa, experimental observations reveal the instantaneous formation and annihilation of point defect clusters, with such processes attributed to the long range elastic interactions that occur between defects through multiple intra-cascade overlap. Corresponding differences in the defect cluster density and size distribution suggest that changes to the microstructure were dependent upon temperature and dose, affecting the growth, accumulation and mobility of irradiationinduced defect clusters under these conditions.
Introduction
The neutron fluence and spectrum in any reactor system poses a major challenge to a material's structural integrity and radiation resistance. Specifically for candidate materials targeted for use in Generation IV molten salt reactors (MSR), the combination of high-energy neutrons, elevated temperatures and salts that enhance corrosion introduce significant complexities when selecting appropriate structural materials required for core, circuitry and fuel reprocessing components. 1, 2) From past research, nickel-based (Ni) alloys have proven versatile as high temperature, high strength materials in MSR systems due to their excellent heat and corrosion resistant properties compared to austenitic and ferritic-martensitic steels. 36) Of these, nickel-based super alloys, including several families of Inconel, Hastelloy and Incoloy, have been found most promising due to their exceptional compatibility with molten fluoride salts at temperatures above 973 K. Considerable research was undertaken in the latter half of the last century on the behavior of NiMoCr alloys for use in molten salt reactors and the body of work has been reviewed in recent years.
79) Typical Gen IV Molten Salt Reactor designs operate at higher temperatures and with much extended operational lives than the prototype reactors built in the last century. For these reactors to become a reality we need to identify, design and produce materials that can withstand the extreme conditions of radiation, temperature, chemical environment and stress inherent in advanced nuclear systems. This requires us first to understand and develop predictive models of their failure mechanisms so that we can develop design codes and defect-assessment criteria that ensure structural integrity. 10) This requires an understanding of the mechanisms devoted to such properties, as the ability of multi-scale models to describe radiation damage is improving.
1113)
However, only a relatively small number of studies have been undertaken in regards to the irradiation behavior of Nibased alloys at high-dose, high-temperature levels and even less for alloys containing molybdenum and chromium solutes that are believed to provide oxidation protection along with high temperature creep and hardening resistance during irradiation. 7) Under such detrimental conditions, these factors are important in determining a material's long-term efficacy.
Druzhkov et al. examined the structure and phase states in NiMoCr (1.3Mo32Cr, mass%) alloys irradiated by 5 MeV electrons at 573 K and found defect migration initiates a process of ordering and phase separation depending on the initial alloys' microstructure and chromium content. 14) They also noted that higher chromium concentrations impeded the accumulation of vacancy defects after a dose of 1.5 © 10 ¹4 dpa at 473 K. Similar observations of irradiationinduced order transformations were also found by Wanderka et al. on a Hastelloy alloy (7.3Mo7.2Cr, mass%) after 10 MeV electron irradiation at 923 K due to the presence of L1 2 -type precipitates. 15) Recently, Jin et al. investigated the radiation damage effects in nickel alloy C-276 (15.5Mo 16Cr, mass%) using 120 keV Ar + ions to peak dose levels of 6 and 10 dpa at 573 and 773 K. 16) Here, results showed a decrease in dislocation loop density with an increase in irradiation dose and temperature, while irradiation hardening was found the greatest after a dose of 6 dpa at 573 K.
As the process of irradiation-induced microstructural evolution changes in response to environmental variants (i.e., dose rate, temperature, salt, material composition, lattice structure), it is therefore essential to understand the mechanisms that drive such change in order to improve a materials performance under in-service conditions. Thus, a critical part of this effort is to evaluate damage evolution as it develops under irradiation. Transmission electron microscopy (TEM) with in situ ion irradiation capability offers one unique way to observe this phenomenon as it allows variables such as ion type, irradiation dose and temperature to be controlled judiciously in real-time.
1719)
In this study, the fundamental damage processes that affect the microstructural stability of a NiMoCrFe alloy under heavy-ion irradiation are investigated in situ as a function of dose rate and temperature (723 and 973 K). An emphasis is placed on the density and size distribution of irradiationinduced defect clusters that accelerate the degradation and bulk diffusion processes in this alloy due to the formation of defects by primary damage events that occur under fastneutron irradiation conditions.
Experimental Procedure
The NiMoCrFe alloy (now referred to here NiMOCrFe1) was obtained as a bar stock from the Shanghai Institute of Applied Physics in Shanghai, China. The chemical composition as determined using the LECO combustion method and inductively coupled plasma atomic emission spectroscopy (ICP-AES, Varian Liberty Series II) is given in Table 1 . The concentrations of sulfur, phosphorus, niobium, titanium and cobalt were less than 0.02 mass%.
The microstructure before irradiation was characterized using a Zeiss Ultra Plus scanning electron microscope (SEM) with an accelerating voltage of 20 keV and a JEOL 2200F transmission electron microscope (TEM) in scanning mode (STEM) operated at 200 keV. Specimens prepared for SEM analysis were first cut into 5 © 5 © 1 mm 3 bars with the cross-sections polished along the longitudinal direction using standard metallographic techniques. 20) Successive grades of diamond paste (to 1 µm) and colloidal silica (to 0.05 µm) were used for the final polish. Thin foil TEM samples were prepared by jet polishing pre-punched 3 mm disks with an electrolyte solution of 30% nitric acid (HNO 3 ) and 70% methanol (CH 3 OH) at room temperature. The final thickness of the samples was approximately 100 nm.
Heavy ion irradiation experiments were performed in situ at the IVEM-Tandem facility at Argonne National Laboratory. The facility consists of a Hitachi H-9000NAR TEM interfaced to a 2 MeV NEC Tandem Van de Graff accelerator and a 650 keV NEC ion implanter. 21) For this investigation, the microscope was operated at 200 keV, which is below the threshold for knock-on damage. The jet polished TEM samples were irradiated with 1 MeV Kr 2+ ions using a counting rate of 50 ion counts s ¹1 and a flux of 6.25 © 10 11 ions cm ¹2 s ¹1 . The corresponding doses in displacements per atom (dpa) were calculated by SRIM-2013 with full damage cascades and atomic displacement energies of 50 keV for each species. All samples were irradiated to 3.3 © 10 14 ions/cm 2 (1 dpa), 9.4 © 10 14 ions/cm 2 (3 dpa) and 1.54 © 10 15 ions/cm 2 (5 dpa) at 723 and 973 K in a Gatan double-tilt heating holder, with the temperature regulated within «274 K by a thermocouple attached to the holder. Data was recorded at regular intervals using a Gatan 622 video camera and stopped frequently to carry out microscopic analysis.
21) The single diffraction condition used in this study, however, was not sufficient enough to fully characterize the type and nature of defects observed, though will be addressed in a subsequent paper. Figure 1 (a) presents a secondary electron (SE) SEM micrograph of the as-received alloy which reveals a microstructure comprised of polycrystalline equiaxed grains with high-density annealing twins, characteristic of low-stackingfault energy Ni-based alloys with high amounts of solute. 22) The average grain diameter was µ40 µm, with twin structures having typical widths of a few tens of microns. Large intergranular precipitates (15 µm), identified as complex ©-carbides, were also found interspersed both randomly and as stringers along the axial direction. Under these conditions, sub-micron twins were observed in addition to a linear array of planar dislocations. Such dislocations, predominantly of mixed character, indicate that small short-range order (SRO) regions exist, which are strong enough to inhibit cross-slip such that dislocations are confined to a single slip plane. This is evidenced by the hindrance of dislocation propagation between neighboring grain boundaries where dislocation absorption and emission are absent in this case. Subsequently, the evolution of the microstructure from heating and accumulation of defects was monitored using this zone axis, i.e., h110i.
Results and Discussions

Microstructure
Annealing
Following in situ heating to temperatures of 723 and 973 K significant differences in phase morphology were observed, altering the dislocation structure and matrix of each sample. Figure 2 (a) shows a BF TEM image of the alloy at 723 K, illustrating the transformation from an initial periodic dislocation configuration to a loose network of tangled dislocations and kinks that nucleate as a consequence of image forces activating slip propagation and dislocation glide between {111} slip planes. Although recovery alleviates the stored strain energy from plastic deformation, the driving force for static recrystallization at this temperature is clearly insufficient. By 973 K, the microstructure develops beyond the formation of tangles and evolves as a result of sub-grain coalescence through grain boundary migration and growth ( Fig. 3(a) ). Thermally activated dislocation annihilation also manifests here, as indicated by the marked decrease in dislocation density when compared to annealing at 723 K. In addition to dislocation extinction heterogeneous formation of intergranular M23C6-type secondary carbides (1050 nm) also occurred, derived from either dislocation-enhanced diffusion or dissolution from primary particles present in the £ matrix. 23) Such findings are in agreement with previous studies on Ni-based alloys annealed to 973 K by Tytko et al.
24)
Irradiation
Upon irradiation with 1 MeV Kr ions, as expected, the temperature had a significant influence on the microstructural evolution with increasing fluence. Figures 2 and 3 show a sequence of BF TEM images taken during irradiation at 723 and 973 K, respectively. In both cases, a marked increase in the volume fraction of visible defects is observed, albeit with differences in the nature and extent of defects produced in each case. Where the contrast is sensitive to local areas of strain, these features appear as random black dot defects arising from the collapse of local vacancy-rich regions produced heterogeneously at the core of displacement cascades during irradiation. 25) As observed in previous reports, 26, 27) resolvable point defects of this nature were identified as vacancy clusters (< 2 nm) and interstitial-type dislocation loops (> 5 nm) with Burgers vector a=2h110i in f111gh011i slip systems in Ni-alloys.
With increasing dose at 723 K, such defects were found to proliferate around in-grown dislocation segments and by 5 dpa, the damage structure evolves from a random distribution of point defect clusters to a dense network of tangled dislocations by the growth and unfaulting of dislocation loops during cascade collapse [ Figs. 2(b)2(d) ]. Dislocations of this nature evidence the dominant long-range elastic interactions between them; though appear randomly distributed due to the inherently low stacking fault energy of the matrix.
After successive annealing to 973 K, thermal recovery of the network is observed at 1 dpa damage, during which vacancies anneal out, precipitates shrink and dislocations rearrange by thermal activation (glide and climb), thereby reducing the overall internal stresses induced by heating ( Fig. 3(b) ). The process of recrystallization is also apparent here as adjoining subgrains merge into the same orientation by strain-induced boundary migration and diffusion. By 3 dpa, continued cascade damage cause the eventual dissolution of precipitates (³ 40 nm) that, in turn, lead to the unpinning of interfacial dislocations created from misfit stresses (Fig. 3(c) ). From 3 to 5 dpa, damage structures show only a small dependence on irradiation, with both consisting of point defect clusters and bowed dislocation segments [ Figs. 3(d)3(c) ]. Dislocation loops and half-loops were also observed in this case, with the growth of loops attributed to interstitial-type loops and the shrinkage to vacancy loops as interstitial defects have larger strain fields compared to vacancies. 28, 29) 
Defect density and cluster fraction
Since defect nucleation and loss fundamentally govern the net residual damage in irradiated materials, the effect of irradiation temperature can therefore provide insight into the two competing processes. Plots of the defect size and density against dose at 723 and 923 K are given in Fig. 4 . Only defect clusters above 2 nm were included in the experimental data, as defects below this value were unresolvable under our experimental conditions. For both temperatures, the resulting defect size was seen to increase with increasing dose as the probability of defect formation and growth expanded through the rise in local vacancy and interstitial concentrations (Fig. 4(a) ). At 723 K, sizes were found from 810 nm, while the maximum range at 973 K varied only by 15% from 67 nm between 1 to 5 dpa. A linear increase in the defect cluster density was also observed to occur by cascade overlap, where distances between successive displacement collisions decreased relative to the increase in collision cross-sections (Fig. 4(b) ). 30, 31) Though defect density and size were found to increase with increasing dose, the result was more pronounced at 723 K compared to 973 K. This can be attributed to the differences in damage accumulation rate, where the number density of defects was found roughly 45% higher at 723 K for all dose levels. From molecular dynamics (MD) studies, the greater defect cluster production efficiency at this temperature maybe due to thermal spike effects associated with differences in electronphonon coupling during Kr ion bombardment. 32) That the microstructure evolves into a tangled network of dislocations by 5 dpa at 723 K imply that nucleation and interaction between interstitial-type defects are quite prominent at this temperature, which reflects the balance between defect formation and coalescence by saturation. At 973 K however, clusters often exhibit positional fluctuations during their formation as they move discontinuously within the matrix by random jumps.
33)
While a marked increase in defect density and size is apparent as irradiation progresses at 973 K, quantification of the defect cluster yield may be lower due to the long-range migration capability of mobile defects, such that vacancy concentrations in cascades decrease below the threshold for cluster nucleation. Additional mechanisms for the decrease in defect cluster yield at higher temperatures include the rapid diffusion and annihilation of oppositely signed defects, loss by glide to the foil surface and interactions with pre-existing dislocation features due to their efficiency as sinks. 33, 34) The corresponding defect cluster distributions are shown in Fig. 5 . Interestingly, the cluster fraction seems relatively insensitive to temperature; however, it appears that an increase in the number of larger defects and a reduction in the number of smaller defects manifest at higher doses, and it is envisaged that the latter significantly contributes to the growth of defect size. Though the types of defects are uncertain at this stage, many large defect clusters found in Nibased alloys at high irradiation temperatures are generally imperfect stacking fault tetrahedra (SFT) and large interstitial loops. 35, 36) No voids or cavities were observed under the experimental conditions reported here. Previous work on void formation in Ni-based alloys with large impurity concentrations suggest that the incubation doses for swelling are in excess of 100 dpa at temperatures above 773 K, owing to the lower stacking fault energies of these materials compared to pure Ni where void formation was observed between 2270 dpa at temperatures below 773 K. 37) 
Conclusion
The effect of Kr ion irradiation on the microstructural evolution of a NiMoCrFe alloy was investigated in situ for doses up to 5 dpa at 723 and 973 K. It was found that damage formation was a result of cascade overlap, resulting in defect cluster sizes in the 810 nm range at 723 K and 6 7 nm at 973 K. At the higher dose, a higher defect number density and defect cluster size distribution was observed. These experimental observations demonstrate the effects of elastic interaction between defects including the cooperative movement and synergy of loops to form densely tangled dislocations and the promotion of defect reactions such as absorption and agglomeration. It is clear that the temperature has a large influence on the extent and nature of damage structures due to the differences in microstructure and morphology after each heat treatment and such feature would have to be included in any multi-scale model to predict the effects of radiation damage on NiMoCrFe alloys. 
